Chronic pain is thought to arise because of maladaptive changes occurring within the peripheral nervous system and CNS. The transition from acute to chronic pain is known to involve the spinal cord (Woolf and Salter, 2000). Therefore, to investigate altered human spinal cord function and translate results obtained from other species, a noninvasive neuroimaging technique is desirable. We have investigated the functional response in the cervical spinal cord of 18 healthy human subjects (aged 22-40 years) to noxious thermal and non-noxious tactile stimulation of the left and right forearms. Physiological noise, which is a significant source of signal variability in the spinal cord, was accounted for in the general linear model. Group analysis, performed using a mixed-effects model, revealed distinct regions of activity that were dependent on both the side and the type of stimulation. In particular, thermal stimulation on the medial aspect of the wrist produced activity within the C6/C5 segment ipsilateral to the side of stimulation. Similar to data recorded in animals (Fitzgerald, 1982), painful thermal stimuli produced increased ipsilateral and decreased contralateral blood flow, which may reflect, respectively, excitatory and inhibitory processes. Nonpainful punctate stimulation of the thenar eminence provoked more diffuse activity but was still ipsilateral to the side of stimulation. These results present the first noninvasive evidence for a lateralized response to noxious and non-noxious stimuli in the human spinal cord. The development of these techniques opens the path to understanding, at a subjectspecific level, central sensitization processes that contribute to chronic pain states.
Introduction
Functional imaging studies have revealed that pain sensation is associated with activity across widespread cortical networks (Jones et al., 1991; Talbot et al., 1991) . However, activation of peripheral nociceptors is not a prerequisite for feeling pain (Merskey and Bogduk, 1994; Rainville et al., 1997; Raij et al., 2005) . This dichotomy presents problems when attempting to understand the origins of pain and how psychological and nociceptive processes interact. The amount of pain experienced after noxious stimulation depends on several factors, such as cortical amplification during directed attention (Miron et al., 1989) , subcortical modulation by pronociceptive and antinociceptive networks (Fields, 2004) , and spinal amplification caused by maladaptive changes such as central sensitization (Latremoliere and Woolf, 2009) . The degree to which each of these contributes to the perception of pain, particularly in disease states, is unknown. The development of noninvasive imaging techniques to record spinal activity would provide a crucial first step toward disentangling these processes and would offer insight into patterns of cortical activity observed in healthy controls and pain patients.
Imaging techniques for assessing nociceptive spinal cord activity in animals initially focused on autoradiographic techniques (Coghill et al., 1991; Porro et al., 1991) and, more recently, on blood flow-sensitive functional magnetic resonance imaging (fMRI) (Porszasz et al., 1997; Lilja et al., 2006; Zhao et al., 2008; Cohen-Adad et al., 2009 ). These animal data demonstrated a lateralized response to noxious stimuli-with the greatest activity ipsilateral to the side being stimulated. Spinal responses to painful stimuli have been recorded in humans using fMRI (Lawrence et al., 2008a; Summers et al., 2010) and activity observed bilaterally. Reasons for this discrepancy include failure to account for physiological noise affecting spinal cord images (Stroman, 2006; Brooks et al., 2008; Piché et al., 2009) , the small size of the spinal cord, and the pressing need to develop methods for group analysis of such data. To date, a single fMRI study (Eippert et al., 2009 ) using unilateral stimulation and physiological noise correction has demonstrated ipsilateral spinal cord activity following painful thermal (T) stimulation.
To address limitations in previous experiments and examine spinal responses in greater detail, we have applied carefully controlled and calibrated stimuli to separate dermatomes on both sides of the body. In particular, we recorded spinal activity using blood oxygenation level-dependent (BOLD)-sensitive imaging (Bouwman et al., 2008; Cohen-Adad et al., 2010) in response to phasic heat stimuli applied with a thermal resistor to produce mild to moderate pain and punctate (P) stimulation using a von Frey hair to produce a sharp (nociceptive but nonpainful) sensation. On the basis of data recorded in other species, we predicted that spinal BOLD activity would occur primarily in the dorsal horn of the spinal cord ipsilateral to the site of stimulation, and the segmental distribution of activity would depend on the specific dermatomes stimulated. To facilitate these comparisons, we have developed methods necessary to perform group analysis, and we present data from the human spinal cord that for the first time is based on results from mixed-effects analysis.
Materials and Methods
Eighteen healthy subjects (seven women) aged between 22 and 40 years (mean, 28.4 years; SD, 2.6 years) were recruited and screened for participation in the experiment. All subjects provided written consent to the experimental procedures (World Medical Association, 1996) . In addition to the normal exclusion criteria for fMRI experiments (e.g., history of brain trauma, presence of neurological or psychiatric disease), subjects with a history of long-term analgesic use were excluded from the study. On the basis of a handedness questionnaire (Oldfield, 1971) , one subject was assessed to be left handed but was included in the study because there is no evidence of spinal cord changes associated with handedness. Subjects were instructed to abstain from analgesic medication on the day of the study. Scanning was performed using a 3 tesla MR system (Siemens) with the standard 12-channel head coil, and anterior/posterior neck array (four channels). During functional imaging only the neck elements were selected for signal reception. Stimulation consisted of T and P stimulation of the right and left wrist/hand. Punctate stimuli were delivered using 60 g of von Frey hair (Stoelting) to the thenar eminence (base of thumb), while painful thermal stimuli were delivered to the medial aspect of the volar forearm (wrist) using an in-house built thermal stimulator (Brooks et al., 2005) . Thus, stimuli were nominally targeted to the C6 (thumb) and C8 (wrist area) dermatomes of both arms. After positioning in the scanner, each subject's pain threshold was assessed using a staircase technique and a numerical rating scale (with "0" equal to "no pain" and "10" equal to "worst pain imaginable"). For each subject, the temperature of the 3-s-long stimuli was adjusted to produce a stable pain rating between 5 and 6.
After the acquisition of localizer images, T1-weighted sagittal spin echo data were acquired for functional image prescription. fMRI data were acquired with a gradient echo (GRE)-echo planar imaging (EPI) sequence and the following parameters: TE/TR ϭ 39/1000 ms, flip angle 68°, matrix 96 ϫ 96, field of view 128 mm, and parallel acceleration (Factor ϭ 2, GRAPPA reconstruction algorithm) in the posterioranterior direction to minimize susceptibility-induced compression of the cord. Nine axial-oblique slices (4 mm thick) were prescribed perpendicularly to the long axis of the spinal cord and were located from the vertebral body of C4 down to T1 (see Fig. 5 ). The interslice gap was adjusted for each subject such that slices were aligned with the midpoints of the vertebral bodies and intervertebral discs.
Stimulation of the four sites was performed with a pseudorandomized order during a single fMRI run lasting 42 min and 44 s, equivalent to 2564 volumes. Thermal stimulation was controlled using in-house developed software that was triggered by the scanner. Punctate stimuli lasting 1 s were delivered by an experimenter and timed by computer-controlled auditory instructions presented through headphones. To avoid skin sensitization, stimulation alternated between modality (T/P). The side of stimulation was randomized and the interstimulus interval jittered to reduce effects of anticipation. After each stimulus, following a delay of 12 s, subjects rated its intensity (thermal) or sharpness (punctate). Ratings were provided with an MR-compatible potentiometer held in the right hand, which controlled a visual analog scale (VAS) visible to subjects in the scanner with the verbal descriptors "not painful"/"not sharp" and "intolerable" used as anchors at the bottom and top ends of scales, respectively. During scanning, cardiac and respiratory waveforms were recorded using a pulse-oximeter and pneumatic respiratory bellows and were logged along with volume triggers from the scanner on a BIOPAC MP150 (Biopac Systems).
Functional data were processed on a per-slice basis using tools from the Centre for Functional MRI of the Brain Software Library (FSL; http:// www.fmrib.ox.ac.uk/fsl). Data were motion corrected using a custom 2D routine using FLIRT (Jenkinson et al., 2002) , and transformations were limited to translations along the x-and y-directions. Rotations and translations in the z-direction were assumed to be minimal, which was confirmed by visual inspection following motion correction (Cohen-Adad et al., 2007) . Subsequently, data were smoothed with a 3 mm FWHM kernel and were high-pass filtered with the cutoff set to 300 s. Before model estimation, data were masked to include only tissue contained within the spinal cord. The presence of activation was assessed using a general linear model (GLM) (FEAT, version 5.98) (Woolrich et al., 2004) incorporating a physiological noise model (PNM) (Brooks et al., 2008) . The model included regressors for the four different stimuli-thermal pain right (RT) and left (LT) and punctate stimulation right (RP) and left (LP)-and four regressors for the four rating periods associated with each stimulus. Contrasts were defined for the four different stimuli versus baseline and for the difference between right-and left-sided stimulation (within modality) (i.e., RP Ͼ LP, LP Ͼ RP, RT Ͼ LT, and LT Ͼ RT). Last, a contrast estimating the average of the four rating periods (a sensorimotor task) was defined.
To assess the impact of the physiological noise model on estimating the response to each of the four stimuli, the signal time course around each stimulus was extracted, and the mean peristimulus plot was calculated along with the fitted hemodynamic response. Signal time course extraction used the location of the peak voxel (highest Z-score) identified by the group analysis and transformed back into each subject's original fMRI data. The improvement in modeling can be more easily assessed by comparing the residual sum of squares (RSS) after applying different models. To measure this, data for all 18 subjects were pooled, and the RSS was computed for all voxels falling within a spinal cord mask. The RSS was calculated for the raw data (no model), the model including only the experimental design ("basic"), the basic model plus 32 physiological regressors (basic ϩ PNM), and the basic model plus PNM and a regressor derived from voxels in the CSF space surrounding the cord (basic ϩ PNM ϩ CSF)-the chosen model for activation estimation. Reduction in RSS, which reflects improved modeling of the data, was assessed by computing the percentage difference between the RSS for the raw data and each of the three models, and the mean over the group was calculated.
After model estimation, per-slice group analysis was performed using the following steps: (1) a single subject with minimal curvature of the spinal cord was identified as the "standard" spinal cord, and the outline of the cord was drawn manually to produce a standard cord mask; (2) cord masks were drawn for the remaining 17 subjects; and (3) cord masks were coregistered to the standard cord mask using a 4 degrees of freedom transformation (translation and scaling in the x and y directions). The resultant transformation matrices were then applied to the functional data to place all subjects in a common space for group model estimation (see Fig. 1 ). Group activation was assessed using a mixed-effects model, and results are reported with a "corrected" threshold of p Ͻ 0.003. Unlike brain imaging, in which numerous approaches to adjusting p values to control familywise error rates have been developed, these techniques are generally not suitable for studying extremely small structures such as the cord (e.g., Gaussian random field theory) (Worsley et al., 1992) . The adopted threshold reflects the low number of voxels present in the spinal cord mask (see Discussion) and is based on dividing the adopted significance level (p ϭ 0.05) by the number of acquired slices multiplied by the number of hemicords (i.e., 9 slices ϫ 2 hemicords ϭ 18), giving p ϭ 0.003. Note that uncorrected p values are frequently used when assessing the significance of cord activation (Moffitt et al., 2005; Brooks et al., 2008; Eippert et al., 2009; Cohen-Adad et al., 2010; Stroman et al., 2011 ).
An alternative to parametric testing within the framework of the GLM is nonparametric testing with permutation tests (Nichols and Holmes, 2002) . The significance of spinal cord activation was assessed by using the permutation test in FSL (RANDOMISE; Centre for Functional MRI of the Brain). For each slice, the maximum t-statistic across all voxels in this slice was obtained by randomly inverting the sign of the data (i.e., permuting the sign of the weighting vector used to specify the group) and repeating this 5000 times. For each permutation, the voxelwise t-statistic was recorded to finally form the permutation distribution of the maximum t-statistic within the slice. The resultant statistical maps present conservative estimates of significance of activity assessed across the group and are inherently adjusted for multiple comparisons by using the maximum t-statistic.
To understand the nature of group differences (e.g., RT Ͼ LT), the coordinate representing the peak of activation from the group map was transformed back to each subject's space, and the BOLD percentage signal change for the corresponding first-level regressors was computed and plotted. To further interrogate patterns of activation seen in the grouplevel maps, region of interest (ROI) analyses were performed. To extract BOLD signal parameter estimates, the right and left hemicords were manually identified on the average of the functional images for each subject. Care was taken not to include voxels around the periphery of the cord, with the exception of voxels at the dorsal surface of the cord (see Fig. 1 ). To investigate the laterality of BOLD signal changes, repeatedmeasures ANOVA was performed in PASW 18 software (SPSS) with within-subject factors of site (left-or right-hand stimulation), side (ipsilateral or contralateral), and level (slices 1-8). Laterality effects were thus indicated by a main effect of side (e.g., ipsilateral activity was greater than activity contralateral to the site of stimulation) and an influence of segmental input to the cord reflected by a side-by-level interaction. To further investigate patterns of laterality, pairs of slices (e.g., slices 1 and 2, 3 and 4) were averaged together and subjected to a repeated-measures ANOVA with within-subject factors of site (left-or right-hand stimulation) and side (ipsilateral or contralateral). Significance was assessed at a level of p Ͻ 0.05, which differs from the voxel-level threshold because the ANOVA constitutes a single statistical test. The rationale for averaging pairs of slices was to account for anatomical heterogeneity in the segmental input to cord (i.e., allowing for BOLD signal changes on adjacent slices).
Results

Psychophysics
The mean (SD) temperature of the applied thermal stimulus required to produce a pain rating of 5 of 10 (assessed before scanning) on the right and left wrists was 52.3°C (2.7°C) and 51.3°C (3.0°C), respectively (Table 1) . These temperatures were significantly different ( p Ͻ 0.05, paired t test), in agreement with an earlier study on the effect of handedness on perceived pain intensity (Sarlani et al., 2003) . However, average pain intensity ratings recorded during scanning were not significantly different [right, 3.6 (1.1); left, 3.6 (1.0); p ϭ 0.52, paired t test]. Considering the punctate stimulus applied to the base of the thumb, no subject reported the 60 g of von Frey hair as painful, and their average sharpness ratings (Lee et al., 2008 ) recorded online for right-and left-hand stimulation were 2.1 (0.9) and 1.9 (0.8), respectively. The difference between sharpness ratings was not significantly different ( p ϭ 0.24, paired t test).
Functional imaging data
Of the nine slices imaged, the bottom slice typically suffered from severe ghosting and low signal-to-noise ratio; therefore, only the topmost eight slices were analyzed. The impact of physiological noise modeling can be assessed by inspecting Figures 1 and 2 . The group average peristimulus plots for the peak voxel from each of the four applied stimuli are shown in Figure 1 and demonstrates that small variations in the baseline (after removing physiological noise) contribute to improved estimation of the hemodynamic response function. However, the improvement in modeling is clearest when comparing the variance of the residuals (RSS) ob- Average variance reduction for three applied models (basic, basic ϩ PNM, and basic ϩ PNM ϩ CSF) measured from voxels in the spinal cord. The percentage reduction in variance is relative to the baseline variance of the raw data and is expressed as a percentage of the nominal value (100%). Applying the basic design (experimental design only) reduced the variance by Ͻ2%, applying a PNM-reduced variance by a further 33%, and including a CSF regressor in addition to the PNM reduced the overall variance by 47.5%. The basic ϩ PNM ϩ CSF model was used to estimate activation in this study.
tained from different applied models (Fig. 2) , averaged over the whole cord volume scanned. The basic model reduced residuals by a small amount (typically 1-2%), whereas including a physiological noise model reduced this by 34%, and including a regressor with signal variation recorded from the CSF surrounding the cord reduced signal variation by 47%.
ROI analysis
To examine whether consistent patterns of activation (e.g., a lateralized BOLD response) were present at different spinal cord levels during punctate stimulation, we performed ROI analyses. The anatomical location of functional imaging slices is shown superimposed on a sagittal section taken through the cervical cord; right (black) and left (white) hemicord masks are shown for the corresponding slices (Fig. 3) . The repeated-measures ANOVA with three factors (side, site, and level) demonstrated a main effect of side (ipsilateral greater than contralateral; p ϭ 0.034) and a trend toward significance for the interaction (side by level; p ϭ 0.081). To further investigate the nature of the main effect of side, activity within adjacent slices was averaged (see Materials and Methods), and laterality of activation for each of the resultant four cord levels was assessed using repeatedmeasures ANOVA. A main effect of laterality (e.g., greater BOLD activity ipsilateral to the side of stimulation) was found for slices 1 and 2 and slices 5 and 6. The result was interrogated further by plotting activity (ipsilateral/contralateral) for each hemicord and for each condition (right or left hand stimulation) (Fig. 3 , bar plots). It can be seen that activity was significantly greater ipsilateral (filled bar) than contralateral (open bar), for both right-and left-hand stimulation. Note that the average activity for righthand stimulation appears to be somewhat lower than for lefthand stimulation.
Group analysis
Group functional data are presented in Figure 4 . At the chosen threshold ( p Ͻ 0.003, corrected) activity was found for all contrasts, though most notably for punctate stimulation of the leftthumb and the right-hand motor task. For punctate stimulation of the right thumb, the cluster with peak Z-score was located ipsilateral and at the level of C5/C4. For left-hand stimulation, the activity was more diffuse (at T1/C7, C6, and C4) but was again primarily located in the ipsilateral hemicord. Activity following thermal stimulation at the right wrist was located ipsilateral at the dorsal C6/C5 level, whereas for left-wrist stimulation active voxels were observed bilaterally at C6/C5 (though the peak voxel was again ipsilateral to the stimulus side) and at C7/C6 (midline, ventral), C5/C4(contralateral), and C4 (ipsilateral). The largest response resulted from the motor/sensory component of the rating task. In six of the eight spinal levels recorded, the focus of activity (largest cluster or peak voxel) was ipsilateral to the hand holding the VAS rating device and typically extended from dorsal to ventral regions. Activity located near the dorsal surface typically spanned both sides of the cord. The corresponding results obtained using nonparametric permutation testing are shown in Figure 5 . Results are corrected for multiple comparisons, and a threshold of p Ͻ 0.05 was applied. The patterns of activity broadly agree with the data obtained with the uncorrected threshold (parametric model). Notably, activation in response to punctate stimulation was ipsilateral to the side of stimulation, which was also true for left thermal stimulation. Although no activity was found for right thermal stimulation, the pattern of activity in response to the sensorimotor (rating) task is in excellent agreement with the uncorrected data.
Group differences
Within each modality (thermal or punctate), the group differences between activation patterns produced following stimulation of the left and right sides of the body were calculated. The group differences between left and right punctate stimuli are shown in Figure 6 . In common with the general pattern of activation for the initial group analysis, the difference contrasts revealed activity that was primarily ipsilateral to the side of stimulation. For RP Ͼ LP, with the exception of two voxels located on the cord/CSF boundary on the dorsal side, active voxels were observed in the right (ipsilateral) ventral hemicord at the C5/C4 and C4 level. For the LP Ͼ RP contrast, two clusters of activity were observed in the left (ipsilateral) hemicord, extending from dorsal to ventral regions (T1/C7 level) and more ventrally at (C6). The origin of these group differences was investigated by estimating the BOLD percentage signal change for each subject and each contrast (RP and LP) at the peak voxel from the group difference maps. The average BOLD signal change and SE are shown at the activated spinal cord levels; see Figure 6 , which reveals that, for some spinal levels, the voxelwise differences resulted from positive BOLD signal during one condition and negative BOLD signal during the other condition. For thermal stimulation (Fig. 7) , the significant group differences RT Ͼ LT and LT Ͼ RT were each found at the single spinal cord levels C6 and C6/C5, respectively. For each of the computed contrasts, the significant voxels were located ipsilateral to the side stimulated. As for punctate stimulation, the nature of these differences was investigated by computing the mean Ϯ SE of BOLD percentage signal change for each of the contrasts (RT and LT). The data demonstrate that group differences between thermal responses were driven by positive BOLD signal in one condition and negative BOLD signal in the other. The result suggests that during thermal stimulation of either hand, activation was positive in the hemicord ipsilateral to the . Mixed-effects group results for punctate/thermal stimuli and rating task. Activation data, thresholded at "corrected" p Ͻ 0.003 (corresponding to Z Ͼ 2.75), are superimposed on the corresponding slices of the average EPI data from the standard cord. Activation was found for all contrasts and tended to be located ipsilaterally to the side of thermal or punctate stimulation. Activity during the four separate rating periods was averaged and constituted a right-hand sensory/motor task. Activity was located primarily within the ipsilateral hemicord and extended from dorsal (sensory) to ventral (motor) areas. Note that activity on the CSF/cord boundary was found exclusively on the dorsal cord surface and tended to be bilateral. Data are shown in radiological format (left side of cord on right side of each slice), and the level of each slice is shown relative to the vertebral body to which it is opposite (or at the midpoint between two vertebrae if that is where it lies). Group results for punctate/thermal stimuli and rating task, subjected to a nonparametric permutation testing of the maximum t-statistic for each voxel and corrected for multiple voxelwise comparisons ( p Ͻ 0.05). The resultant activation data are superimposed on the corresponding slice of the average EPI data from the standard cord. The location of activation for each of the group contrasts, following the robust correction of multiple voxel-based comparisons, broadly agrees with results obtained with parametric thresholding ("corrected," p Ͻ 0.003; see Fig. 4) , with the exception of right thermal stimulation during which no activation was statistically significant. Activation was primarily ipsilateral to the side of stimulation (RP, LP, and LT). The rating (right-hand sensorimotor) task activated the dorsal cord bilaterally (though primarily ipsilaterally) and the ventral cord primarily ipsilaterally (C5/C4). side stimulated and negative in the side contralateral to the stimulus.
Discussion
This study used BOLD-based functional imaging and a novel approach to group analysis to record spinal cord responses to nociceptive stimulation in humans. To increase the statistical power to detect activation, we included in the general linear model a set of regressors designed to account for cardiac and respiratory noise and their interaction and for low-frequency signal components. Furthermore, we developed techniques for coregistration of single-subject data to a standard spinal cord for group averaging of data. In response to painful thermal stimulation of the right and left wrists, we observed activity that was ipsilateral to the side of stimulation. Our experimental design permitted direct comparison of stimuli delivered to opposite sides of the body, which confirmed the ipsilateral cord response. Intriguingly, this group difference arose because of increased ipsilateral and decreased contralateral spinal activity during painful thermal stimulation. Similarly, punctate stimulation of the thenar eminence also produced activity that was ipsilateral to the side of stimulation, which was confirmed with ROI analysis. In terms of the rostrocaudal level of spinal activity, no clear pattern of activation emerged in response to stimulation of different dermatomes.
By delivering punctate and thermal stimuli to the C6 and C8 dermatomes, respectively, we investigated whether activity could be located to the corresponding segmental level (i.e., whether a spinal somatotopic representation of the body was observable). In practice, activity in response to nonpainful punctate stimulation had greater rostrocaudal extent than to thermal stimuli (Fig.  4) . In response to brief, repetitive (4 ms) nociceptive laser stimulation of the dorsum of the left hand (C6/C7 dermatomes), extensive bilateral activity extending from C4 to C7 has been reported (Summers et al., 2010) , with brief laser stimuli apparently activating more ventral cord regions, suggesting involvement of the motor neuron pool in the measured response. Bilateral activity extending over several segments (C4 -C7) has previously been observed following non-nociceptive vibratory stimulation (targeting large-diameter A␤ afferents) of the arm (Lawrence et al., 2008b) . Furthermore, in the anesthetized rat, electrical stimulation of the plantar surface of a single forepaw produced activity that extended from C2 to T1 (Zhao et al., 2009 ). . Mixed-effects group differences between LP and RP stimulation. Group differences between the individual contrasts were broadly consistent with the ipsilateral pattern of activity for each separate contrast. The nature of the differences was investigated by computing the BOLD percentage signal change for the peak voxel (highest Z-score) for each slice, shown in the corresponding bar plots for the activated spinal cord levels. The statistical threshold was p Ͻ 0.01 (uncorrected).
Conversely, the more prolonged (3 s duration) thermal stimuli used in this study produced activity at a single spinal level (Fig. 4) , which agrees with findings obtained using a contact thermode and 20-s-long painful stimuli applied to the forearm (Eippert et al., 2009) . We propose that longer duration thermal stimuli would not produce a coherent reflex response, and that the absence of such effects, in addition to the influence of signal averaging, may explain the apparent specificity of responses obtained with contact thermodes. However, it should be noted that chronic nociceptive stimulation is able to provoke extensive rostrocaudal activation: unilateral pinch in the rat hindpaw produced c-fos immunolabeling over 4 -6 and 6 -10 segments in the superficial and deeper laminae of the cord, respectively (Hunt et al., 1987; Bullitt, 1991) .
In this experiment we observed lateralized spinal cord responses in response to both nonpainful punctate and painful thermal stimuli, with activity ipsilateral to the side of stimulation (Figs. 3-5) . Early evidence for a lateralized spinal response measured using blood flow-sensitive techniques comes from autoradiography (Coghill et al., 1991) , which found a predominantly ipsilateral response in rat spinal cord following thermal stimulation of the hindpaw. fMRI experiments performed in the axial plane of the anesthetized rat cord have demonstrated increases in blood flow and volume ipsilateral to the side of electrical stimulation (Lilja et al., 2006; Zhao et al., 2009) . Immunolabeling with c-fos has demonstrated a clear ipsilateral response following noxious pinch of the rat hindpaw (Bullitt, 1991) and noxious electrical stimulation of the rat forepaw (Lawrence et al., 2004) . It is worth noting that c-fos labeling does not provide information about the type of neuronal processing (excitatory or inhibitory) leading to its accumulation. Indeed, following unilateral injection of formalin into the forepaw of the awake rat, increased glucose use was observed in the dorsal horns bilaterally (Porro et al., 1991) . However, it is likely that this observation resulted from either behavioral modification (e.g., because of altered locomotion/weight bearing) or inhibitory processing because when the experiment was repeated using anesthetized animals, responses were primarily ipsilateral.
Laterality of spinal cord responses has rarely been studied electrophysiologically (Willis and Coggeshall, 1991) because recording electrodes are typically placed ipsilateral to the stimulated peripheral nerve. In one of the few studies to examine contralateral responses to unilateral stimulation, Fitzgerald (1982) found that a large proportion (54%) of cells in laminae 4, 5, and 6 of rat lumbar cord responded to noxious stimulation of the ipsilateral hindlimb but were inhibited following noxious stimulation of the mirror image of the excitatory field (i.e., the opposite hindlimb). It is important to note that in the study by Fitzgerald (1982) , animals were decerebrate and spinalized (i.e., the cord was sectioned above the level to be studied), thus ruling out the involvement of descending pain control (Fields, 2004) or diffuse noxious inhibitory control (Le Bars et al., 1979) mechanisms in producing this phenomenon of inhibition or excitation. We investigated the nature of underlying BOLD signal changes giving rise to observed group differences when performing direct pairwise statistical comparison of painful thermal stimulation of the right and left wrists (Fig. 7 ). It appears that these differences arose because of a simultaneous increase in ipsilateral and reduction in contralateral BOLD signal during noxious thermal stimulation, similar to the pattern of excitation and inhibition observed in the rat spinal cord during noxious stimulation (Fitzgerald, 1982) .
We have previously demonstrated that BOLD-sensitive imaging in the human spinal cord is feasible (Brooks et al., 2008; Cohen-Adad et al., 2010) but that care should be taken when interpreting signal change at the cord periphery because this may reflect an increased contribution from large draining veins (Zhao et al., 2008) . By limiting our search volume to voxels within the cord and including a physiological noise model when estimating activation, we have attempted to minimize sources of falsepositive activation (Brooks et al., 2008) . Others (Stroman et al., 2003; Maieron et al., 2007; Agosta et al., 2008; Summers et al., 2010) did not record or correct for physiological noise but instead relied on low-pass or bandpass filtering of data. Such prefiltering techniques (performed outside the framework of the general linear model) will dramatically increase the number of false positives detected because they can remove a large component of the true variance associated with measurements (Friston et al., 2000) .
Concerning the choice of statistical threshold level for assessing spinal cord activation, a recent study acquired resting data to determine likely false-positive detection rates (Summers et al., 2010) . However, periods of rest between painful stimuli applied in humans are unlikely to be comparable to "pure" resting conditions. When using fixed intertrial intervals (Summers et al., 2010) , the predictability of stimulus onset is likely to give rise to anticipation and preparation processes (Ploghaus et al., 1999; Porro et al., 2002; Ploner et al., 2010) , which may result in spinal cord activation. In this study, we report data based on a "corrected" threshold of p Ͻ 0.003, compared with previous spinal fMRI studies that have used an uncorrected threshold of p Ͻ 0.01 (Moffitt et al., 2005; Eippert et al., 2009; Cohen-Adad et al., 2010; Stroman et al., 2011) . The chosen threshold is a compromise between the number of statistical tests performed per slice (each containing at most 66 voxels), the likelihood that activation ex- Figure 7 . Mixed-effects group differences between LT and RT stimulation. Group differences were observed at single spinal levels for each contrast. The nature of the group difference was investigated by computing the BOLD percentage signal change for the peak voxel (highest Z-score) for each slice and each contrast (bar plots). The bar plots reveal that painful thermal stimulation was associated with positive BOLD signal change ipsilateral to the side of stimulation and with negative BOLD signal change in the contralateral hemicord. The statistical threshold was p Ͻ 0.01 (uncorrected).
tends beyond individual slices (increasing the effective sampling area), and the inadequacy of conventional approaches such as Gaussian random field theory (Worsley et al., 1992) for determining significance levels in such small structures. As a consequence, the data do not meet the strictest criteria set for activation studies of the brain. However, when using nonparametric permutation tests to correct for multiple comparisons, a subset of the results remained significant at p Ͻ 0.05 corrected (voxel-level thresholding) , and the pattern of ipsilateral responses to stimulation was confirmed.
Through the combination of significant increases in the temporal signal-to-noise ratio provided by dedicated cervical spinal array coils (Cohen-Adad et al., 2011; Triantafyllou et al., 2011) and techniques to account for physiological noise (Stroman, 2006; Birn et al., 2008; Brooks et al., 2008; Chang et al., 2009) , researchers should endeavor to use permutation testing techniques (Nichols and Holmes, 2002) to define corrected thresholds for future group spinal activation studies.
In conclusion, we have developed a method for slice normalization to a template cord, to permit group analysis of spinal cord functional imaging data. By using this technique, we have demonstrated that painful and nonpainful stimuli produce activation in the hemicord ipsilateral to the side of stimulation, in agreement with the known anatomical arrangement of nociceptive input to the cord. By directly comparing thermal stimuli delivered to the right and left arms, we were able to show that painful thermal stimuli produced simultaneously an increased BOLD signal ipsilaterally and a decreased BOLD contralaterally. There is a striking similarity between these observations and the electrophysiological results in rats (Fitzgerald, 1982) , which further demonstrates the benefit of noninvasive imaging techniques because they allow sampling of a wider network of neurons.
